Improving and controlling the performance of organic semiconducting materials constitutes a vibrant research field.^[@ref1],[@ref2]^ Among the most versatile p-type organic semiconductors, oligothiophenes display considerable potential as low-cost materials for solution-processed solar cells and field-effect transistors with good air stability.^[@ref3]−[@ref8]^ Akin to oligoacenes, crystalline oligothiophenes (e.g., quaterthiophenes) and alkyl derivatives adopt a herringbone packing motif^[@ref9]−[@ref14]^ (less π-orbital overlap) thanks to an increased number of C--H····π forces^[@ref15],[@ref16]^ and a reduction in Pauli repulsion^[@ref17]−[@ref19]^ (i.e., exchange energy) relative to the face-to-face orientation. (See the [Supporting Information](#notes-1){ref-type="notes"}.) However, charge-carrier mobility is largely dependent on the relative displacement of the π-conjugated cores: larger π-overlap generally results in better transport properties, the upper limit of which coincides with a perfect cofacial stack.^[@ref20]−[@ref22]^ In this context, efforts have been placed on promoting good π-overlap to achieve enhanced charge carrier mobilities.^[@ref23],[@ref24]^ While discotic systems,^[@ref22],[@ref25]^ involving large flat polyaromatic cores, already display a sizable stacking surface, achieving good orbital overlap in flexible longitudinal oligomer chains is inherently more challenging. Quaterthiophene (QT) flanked with flexible hydrogen-bonded lateral functional groups can self-assemble into 1-D fibers in solution, with the oligothiophene moieties being π-stacked.^[@ref26]−[@ref29]^ While the "H-bond aggregators" do not directly contribute to enhance the charge mobility in 1-D aggregates,^[@ref30]−[@ref33]^ they do play a vital role in controlling the molecular arrangement and confining the QT segments. Despite such capabilities, a detailed relationship between the relative displacements induced by hydrogen-bonded lateral components and the charge mobility has yet to be established.^[@ref34]−[@ref36]^ In fact, constructing organic molecules with π-stacked arrangement "at will" remains a difficult task.^[@ref37],[@ref38]^ Our objective here is to determine the capability of attractive hydrogen-bonding interactions to partially overcome the Pauli repulsion associated with cofacial π-electron clouds and stabilize otherwise unstable relative conformations. In particular, this work provides a quantitative one-to-one relationship between the achievable in-plane longitudinal and transversal displacements for different pairs of substituted quaterthiophene dimers (Figure [1](#fig1){ref-type="fig"}) and the computed hole transfer integrals (*t*), on which the charge-transport properties strongly depend. (See the [Supporting Information](#notes-1){ref-type="notes"} for details.) Here the focus is placed on parallel (displaced) QT dimers substituted with strong hydrogen-bond donor/acceptor groups such as alkylamides and alkylureas.

![Illustrative QT derivatives with substitution patterns at **R**~**1**~, **R**~**2**~, or **R**~**3**~. If not specified, **R**~**1**~, **R**~**2**~, or **R**~**3**~ corresponds to −H.](jz-2014-01078s_0002){#fig1}

Intermolecular packing arrangements are best illustrated by 2-D plots displaying the relative translations in the long (*x*) and short (*y*) axes (Figure [2](#fig2){ref-type="fig"}a). The surface plot in Figure [2](#fig2){ref-type="fig"}c clearly identifies the energetically favored (red) and disfavored (blue) pair arrangements of bare quaterthiophenes (**1**) confined in a π-stacked conformation. As expected, the smallest binding energy (i.e., the most repulsive configuration) corresponds to the perfect cofacial stack (0,0), whereas the local minimum coincides with a large longitudinal displacement (*x* = 1.4 Å), with no translation along the *y* axis. In sharp contrast, the transfer integral is maximal (red) at (0,0) and cancels proximate to the local energy minimum (blue region). This raises a key question: can insertion of hydrogen-bonded substituents overcome the dichotomy magnified by Figure [2](#fig2){ref-type="fig"}b,c and assist in shifting the geometry toward more promising regions?

![(a) Illustration of the QT cofacial stack showing the undergoing translations along *x* and *y* axes with a step length of 0.25 Å. The interplane distance *z* is fixed at 3.55 Å. (b) Landscapes of binding energies (PBE0-dDsC/def2-SVP) and (c) hole-transfer integrals (PBE0/DZP) for QT dimer as a function of stacking geometry (*z* = 3.55 Å). For clarity, we have reported here the absolute value of transfer integral because the sign is not relevant to the transfer properties in the hopping regime.^[@ref39]^ Black dots and labels indicate the PBE0-dDsC/def2-SVP optimized geometries of dimeric QT derivatives in Figure [1](#fig1){ref-type="fig"}.](jz-2014-01078s_0003){#fig2}

The exhaustive exploration of the chemical space spanned by all substituted oligothiophenes is obviously not feasible. Among myriad possibilities (see Figure [1](#fig1){ref-type="fig"} and [Supporting Information](#notes-1){ref-type="notes"} for additional examples), three illustrative categories of substitution patterns are discussed here: (1) aliphatic and acetylenic side chains \[−CH~3~, −CH~2~--CH~2~--CH~3~, and −C≡C--CH~3~, i.e., pure dispersive interactions\]; (2) alkylamide or alkylurea (i.e., H-bond substituents) groups attached to R~1~ via an aliphatic or acetylenic linker; and (3) pure hydrogen-bond substituents or substitution at multiple positions.

The first class of substituted dimers, which lack hydrogen-bonds (i.e., **2**--**6**) and are generally known to adopt herringbone packing motifs,^[@ref10]−[@ref14]^ shows no advantage over the reference system (**1**): the local energy minimum is located in the same region (with *x* = 1.4 Å and *y* = 0 Å) and results in no enhancement of the charge-transfer integral (∼0.11 to 0.15 eV). Similarly, the intermolecular distance (i.e., *z* given in Figure [3](#fig3){ref-type="fig"}a) is negligibly affected and remains around 3.34 Å. Inserting substituents belonging to the second category causes spectacular shifts along the *x* axis up to *x* = 3.4 Å (a shift of up to 2.0 Å!). Unfortunately, such a large translation overshoots the desired zone characterized by an increased orbital overlap and transfer integrals located at *x* = 2.25 Å. This second class of dimer aggregates also highlights that intermolecular distance adjustments are relevant only after controlling the subtle in-plane relative displacements: the intermolecular distance in **9** (3.18 Å) is significantly shorter than in **12** (3.26 Å), yet the former exhibits the worst possible overlap and transfer integral (*t* = 0 eV) owing to a too pronounced displacement along *x* (Figure [2](#fig2){ref-type="fig"}). It is worth noting that the only investigated substituents capable of promoting backward longitudinal displacement toward *x* = 0 Å arise from the asymmetric combination of substituents, which is unfavorable experimentally (see [Supporting Information](#notes-1){ref-type="notes"}, entry **26** in Scheme S1). The third category beautifully demonstrates the subtle benefits of inserting strong hydrogen-bond aggregators to promote large longitudinal and lateral displacements. The most spectacular overall displacements (as compared with **1**) are induced by the addition of one or two urea groups per QT unit such as in **13**, **14**, and **16**. Still, the potential advantage anticipated by a 0.5 Å shift along the longitudinal direction is canceled by the too pronounced lateral displacement that is not favorable to the targeted orbital overlap. In **13** and **14**, the more compressed packing (*z* = 3.17 Å) along with the rigid geometrical constraints imposed by the formation of the four hydrogen bonds is not constructive. Increasing the number of hydrogen bonds through the insertion of another urea group in the β positions (e.g., **15**) does not help or even deteriorate the overlap. In fact, the use of urea groups in both the α and β positions is valuable only with the synergistic presence of methyl groups in the R~3~ position (e.g., **17**): the methyl groups help deplanarize the ureas in R~2~ and immobilize the dimer in a much more favorable region (*x* = 2.0 Å, *y* = 1.0 Å, *z* = 3.31 Å). The subtle structural modifications induced by the methyl groups at R~3~ are also evident when comparing **18** to **16**. The unique orientation provided by the substitution pattern of **17** yields charge-transfer integrals that have over twice the magnitude (0.27 eV) of ref ([@ref1]). Yet again, the large intermolecular distances of both **17** and **18** demonstrate that achieving "tighter" packing is secondary to adjusting the in-plane relative displacements. This is somewhat unfortunate given that the latter displacements are much less intuitive to design a priori, compared to the packing distance.^[@ref27],[@ref40],[@ref41]^ The geometrical advantages characteristic of **17** still hold for larger stacks of QT and are not restricted to the static situation described by our density functional theory computations. (See [Computational Details](#sec2){ref-type="other"}.) In fact, a Born--Oppenheimer molecular dynamics trajectory performed on the dimer and tetramer aggregates demonstrates that the averaged *x*, *y*, and *t* values are comparable to the static computation. (See Figure S3 in the [Supporting Information](#notes-1){ref-type="notes"}.) Importantly as well, the key structural features present in **17** are compatible with the inclusion of solubilizing side chains that would be relevant experimentally.

![(a) Hole transfer integrals for dimeric QT derivatives optimized at the PBE0-dDsC/def2-SVP level. Binding energies at the same level are plotted as an inset. Value in the parentheses represents the interplane distance (in angstroms) between the thiophene moieties. (b) Representative dimer structures and **17** fully optimized in the tetramer geometry at the same level.](jz-2014-01078s_0004){#fig3}

In summary, we showed that "clipping" strong hydrogen-bond aggregators, such as urea groups, to quaterthiophene moieties enables the adjustment of the relative positions of the π-conjugated moieties, thus promoting enhanced charge-transport properties. Our 2-D structure--property mapping demonstrates that the insertion of hydrogen-bond substituents induces large lateral and longitudinal displacements that are otherwise inaccessible due to strong Pauli repulsion. Furthermore, this mapping illustrates that achieving "tighter" packing (e.g., shorter intermolecular distance) is only significant if fine-tuned relative longitudinal and lateral displacements are realized. As such, the actual challenge lies in the delivery of general guidelines to control the "in-plane" relative displacements between the quaterthiophene cores and to access the promising conformations. This realization relies on a subtle interplay between H bonds formed with suitable torsional angles and other attractive and repulsive noncovalent interactions (dispersion forces, electrostatics interactions, and Pauli repulsion). Thus, of great importance is that seemingly innocent substituents may actually have a significantly greater impact than originally anticipated. Given this knowledge, it appears that the synergistic exploitation of the steric hindrance brought by alkyl substitutions along with the formation of strong hydrogen bonds holds the key for rational design.

Computational Details {#sec2}
=====================

Dimer and tetramer geometries were optimized in a development version of Q-Chem^[@ref42]^ at the PBE0-dDsC/def2-SVP level, which has been shown to be reliable for noncovalently bound complexes.^[@ref43]−[@ref47]^ The representative grid used to map the contour surface for transfer integrals and binding energies as a function of molecular *x*- and *y*-axis translations (Figure [2](#fig2){ref-type="fig"}) was constructed from a dimer of bare quaterthiophene optimized at the same level. The relative monomer barycenters were then displaced (in *x*,*y*) on intervals of 0.25 Å at a fix interplane distance (*z*) of 3.55 Å. The PBE0-dDsC/def2-SVP binding energies were computed from the energy difference between the dimer and the monomers in the dimer geometries, with no correction for basis-set superposition error. Note that the use of other functionals (e.g., M06-2X;^[@ref48],[@ref49]^ see [Supporting Information](#notes-1){ref-type="notes"}) leads to the same qualitative features as shown in Figure [2](#fig2){ref-type="fig"}b,c. The charge transfer integrals for hole transport were computed at the PBE0/DZP level for each grid conformation as well as for the pairs of optimized substituted quaterthiophene derivatives. We used the direct quantum-mechanical approach implemented in ADF 2013^[@ref50]−[@ref52]^ that is based on localized monomer orbitals in combination with a basis set orthogonalization procedure.^[@ref53]^

Details of the computation of the transfer integrals, SAPT0 analysis, 2-D structure--property mapping at the M06-2X level, additional substitution patterns and their effects on the transfer integral, and information on the Born--Oppenheimer molecular dynamics. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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